In multimale groups where females mate promiscuously, male-infant associations have rarely been studied. However, recent studies have shown that males selectively support their offspring during agonistic conflicts with other juveniles and that father's presence accelerates offspring maturation. Furthermore, it was shown that males invest in unrelated infants to enhance future mating success with the infant's mother. Hence, infant care might provide fitness gain for males. Here, we investigate male-infant associations in rhesus macaques (Macaca mulatta), a primate with low paternity certainty as females mate with multiple partners and males ensure paternity less efficiently through mate-guarding. We combined behavioural data with genetic paternity analyses of one cohort of the semi-free-ranging population of Cayo Santiago (Puerto Rico) and recorded affiliative and aggressive interactions between focal subjects and adult males from birth to sexual maturation (0-4 years) of focal subjects. Our results revealed that 9.6% of all interactions of focal subjects involved an adult male and 94% of all maleinfant interactions were affiliative, indicating the rareness of male-infant aggression. Second and most interestingly, sires were more likely to affiliate with their offspring than nonsires with unrelated infants. This preference was independent of mother's proximity and emphasized during early infancy. Male-infant affiliation rose with infant age and was pronounced between adult males and male rather than female focal subjects. Overall, our results suggest that male-infant affiliation is also an important component in structuring primate societies and affiliation directed towards own offspring presumably represent low-cost paternal care.
Introduction
Among mammals, females provide the main part of parental care starting from gestation, and they ensure nutritional supply via lactation as well as protection and social integration (Trivers 1972) . Males could additionally provide access to food or protection, for example, against infanticide (Hrdy 1979; van Schaik & Janson 2000) . If male investment is selectively directed towards own offspring increasing the chance of their survival (thus enhancing infant and male fitness), this has been considered as paternal care (Trivers 1972; Clutton-Brock 1991) . In species with high paternity certainty, paternal care can therefore be expected (Geary 2000) . Indeed, paternal care has been demonstrated in several mammalian species, living in one male groups (rodents: Makin & Porter 1984; Gubernick & Teferi 2000; Trainor & Marler 2001; Jones & WynneEdwards 2001; primates: Santos & Martins 2000) where males provide food, transport and associate with offspring.
However, in multimale, multifemale groups, females mate highly promiscuously leading to paternity confusion with several males potentially investing in a given infant based on their mating history with the infant's mother (Alberts & Fitzpatrick 2012) . It was therefore questioned whether male-infant bonds would reflect paternity because promiscuity leads to paternity uncertainty unless males invest in mate-guarding, a reproductive strategy to ensure paternity (van Schaik & Paul 1996) . That males mate-guard to reduce paternity uncertainty has been described for several species (rodents : Sherman 1989; Ribble & Perrin 2005; primates: Engelhardt et al. 2005 primates: Engelhardt et al. , 2006 Ostner et al. 2006; Garcia et al. 2009 ). However, the ability of timing the mating effort in relation to the female fertile phase is not universal. As many primate species live in multimale, multifemale groups, the efficiency of mate-guarding has been studied particularly among primates.
While in some primates, males are capable of adjusting their mate-guarding to the female's fertile phase (Engelhardt et al. 2004; Garcia et al. 2009 ), others seem to be less precise (Heistermann et al. 2001; Li et al. 2005; Ostner et al. 2006; F€ urtbauer et al. 2010 Dubuc et al. 2012) . Differences in male ability to recognize females' fertile phases could be due to varying accuracy of female signalling as there is interspecific variation in the expression and information content of female fertility signals (Engelhardt et al. 2004; Dubuc et al. 2009 ). For example, female sexual behaviour was found to be displayed specifically during the fertile phase of female wild long-tailed macaques, Macaca fascicularis (Engelhardt et al. 2004) . For rhesus macaques, female mating initiation could be linked to the females' fertile phase (Zehr et al. 2000) . However, in both studies, male responsiveness towards female behavioural change was imprecise (Zehr et al. 2000) .
Today with available genetic data, we are able to learn more about the potential impact of paternity on male-infant association in promiscuous species. Although father-offspring association has been reported in spotted hyenas, Crocuta crocuta (van Horn et al. 2004) , most evidence has been reported in primates. Male savannah baboons (Papio cynocephalus) were found to preferentially support their own offspring in agonistic encounters with other juveniles (Buchan et al. 2003) and infant chacma baboons (Papio ursinus) associate more with their fathers during feeding (Huchard et al. 2013) . It has furthermore been suggested that male savannah baboons selectively share proximity with own offspring (Onyango et al. 2012) and enhance offspring fitness, as individuals whose father was coresident with them for a longer time during their juvenile period reach maturation earlier than individuals whose father was present for a shorter time (Charpentier et al. 2008) . However, male-infant associations in baboons can potentially be linked to male-female friendships (Smuts 1985) . A study in chacma baboons has shown that friendships often reflect paternity, as the majority of male friends turned out to be the father of his female friend's offspring . Incorporating mating data revealed that the proportion of consort activity impacts both paternity and formation of friendship, as a female's primary consort partner most often becomes her friend when present at parturition (Moscovice et al. 2010) . In his absence, females preferably form friendships with the secondary or tertiary consort partner (Moscovice et al. 2010) .
In comparison with baboons, our knowledge on male-infant association is much more restricted for macaques. In Barbary macaques (Macaca sylvanus), a species for which male-infant interactions are most frequently reported, paternity is not a predictor of such relations (Paul et al. 1996) . Instead infants are used to regulate relationships among males, a phenomena known as agonistic buffering (Paul et al. 1996) , for which the benefits to the infants still remain unclear. Moreover, males of this species associate with unrelated infants and thereby increase their probability to mate with the infant's mother (M enard et al. 2001) , a reproductive strategy also known as mating investment or care-then-mate pattern. A recent study in rhesus macaques (Macaca mulatta) revealed that, despite many opportunities, males do not provide support to their offspring when involved in agonistic conflicts regardless of offspring age (Kulik et al. 2012) . A previous study on the same species using only behavioural data on male-immature association revealed variation among dyads ranging from temporarily to persistent associations over the first 2 years of infancy (Hill 1986) . Inferring paternity from blood protein markers, a study including only four males in a captive group showed a small paternity effect in rhesus macaques, whereby infants selectively initiated associations with their fathers (Berenstain et al. 1981) .
To investigate male-infant associations, we used rhesus macaques living in multimale, multifemale groups, in which females remain in their birth group, while males disperse to breed elsewhere (Greenwood 1980) . This is an interesting species for different reasons. First, males in this species face paternity uncertainty as females mate with up to four partners during their period of likely conception (Manson 1992) . In addition, male mate-guarding does not cover the entire female fertile phase to efficiently counteract paternity uncertainty, as only 30-40% of all fertilizations are achieved through mate-guarding (Dubuc et al. 2012) . Although females provide reliable information about their fertile phase (Dubuc et al. 2009; Higham et al. 2010) , detection by rhesus males is impacted by male's familiarity towards females (Higham et al. 2011) . Interestingly, males do not distinguish between fertile and postfertile phase as both mate-guarding (Dubuc et al. 2012) and female facial attraction are prolonged towards the female luteal phase when probability of fertilization is zero (Higham et al. 2011) . As such, it is not clear whether successful mate-guarding is a reliable proxy of paternity confidence for males in this species. Second, male rhesus macaques disperse several times in life (Drickamer & Vessey 1973) and mainly queue for rank rather than fight for it (Bercovitch 1992; Berard 1999) . Therefore, in contrast to other primate species, alpha males are not necessarily the strongest and most attractive males . Nevertheless, male reproduction is skewed, with few high-ranking males siring the majority of offspring, while most males do not reproduce at all (Widdig et al. 2004) . Notably, in these studies, the alpha male did neither receive the highest share of matings nor paternity success (Widdig et al. 2004; Dubuc et al. 2011) . Although high-ranking males have some mating advantages (Chapais 1983; Berard et al. 1994; Dubuc et al. 2011 ), it appears that dominance is not a reliable proxy of paternity likelihood. Third, female rhesus macaques are known for their extremely restrictive mothering (Maestripieri 1994) . This may limit males' opportunities to interact with infants, especially when the infants are very young and most vulnerable. On the other hand, male care might be at the highest demand in early infancy when impact of infant protection is most efficient. For these reasons, we tested the influence of paternity, mother's proximity to the infant as well as male and infant attributes on male-infant associations in rhesus macaques.
Overall, based on promiscuous mating and insufficient mate-guarding in this species, we predicted that male-infant interaction should not be impacted by paternity. Alternatively, males could be expected to provide care to offspring either if mating probability is sufficiently high or via postbirth offspring recognition. As infant mortality is highest during the first year of life (Blomquist 2013) , we assumed sire-offspring association to be more pronounced during early infancy and the amount of male-infant association to increase as maternal control decreases. Furthermore, we tested whether mother's proximity influenced the likelihood of male-infant interaction, predicting sire-offspring association to be independent from mother's presence. Finally, male-infant interaction may be influenced by male's age, because male reproduction was shown to follow a bell-shaped distribution (Bercovitch et al. 2003) . As males of an intermediate age are more likely to have sired offspring than younger and older males, we predicted them to invest more into their current progeny.
Additionally, older males facing a decrease in future reproductive success might also invest into unrelated infants to enhance their mating opportunity with the infants' mother despite their age. As higher-ranking males are more likely to sire infants , we predicted that father-offspring associations are more likely involving high-ranking, in comparison with low-ranking males. Here, we present behavioural data collected from birth to maturation of individuals, as we expected these hypothesized effects to vary over the course of immaturity.
Materials and methods
Study species, population and subjects Rhesus macaques live in multimale, multifemale groups characterized by female philopatry (Gouzoules & Gouzoules 1987 ) and male dispersal (Lindburg 1969; Colvin 1983) . They breed on a seasonal basis (Drickamer 1974) and both males and females mate highly promiscuously (Lindburg 1971) . The interbirth intervals of females are approximately 1 year and females predominantly give birth to a single offspring (Rawlins & Kessler 1986) . Infants can be assigned to nonoverlapping birth cohorts even though infants from the same cohort may differ in age by up to 6 months.
The study was conducted on the rhesus macaque population of Cayo Santiago, a 15.2 ha island offshore Puerto Rico (USA). All monkeys inhabiting the island were direct descendants of the 409 founder animals captured in India in 1938 (Rawlins & Kessler 1986) . Ever since, individuals have only been added to the population via natural births; however, genetic analyses from pedigree data revealed no evidence of inbreeding over the study period (L. Muniz & A. Widdig, unpublished data) . The date of birth or death, respectively, sex of all study subjects, period of group membership along with number of maternal kin were taken from the demographic database of the Caribbean Primate Research Center (CPRC) continuously recorded since 1956. When males disperse to a new group, CPRC census takers note the group and check this assignment of group membership at least for the next 2 months. If group membership remains constant, the first day the animal was seen in the new group is defined as the date of immigration (A. Ruiz, pers. communication) .
During the study period (October 2004 to August 2008), our study troop (group R) consisted of 269.38 AE 23.39 (mean AE SD) animals across study years with adult females outnumbering adult males (sex ratio, 1.18 females/1 male). We followed all 57 newborns born between September 2004 and January 2005 (hereafter focal subjects), of which 27 were females and 30 were males, starting immediately after birth. A total of 28 focal subjects survived until the study was completed (15 females, 13 males) reaching an age of 3.76 AE 0.06 years (mean AE SD) while thirteen died during the study period and 16 subjects were removed by the CPRC due to colony management. All group members were recognized on an individual basis using individual and artificial marks. For individuals younger than 1 year, we additionally considered mother's proximity.
Behavioural data
To cover the entire period until puberty, we observed our focal subjects continuously from birth to sexual maturation. In our study population, females undergo first menarche at the age of around 2.5 years (Zehr et al. 2005) and males are capable of reproducing at around 3.5-4 years of age (Rawlins & Kessler 1986 ). Thus, our study period ensured focal subjects to reach maturation. A total of 3543 observation hours were collected over the entire study period resulting in 64.42 AE 37.33 (mean AE SD) hours (range, 8.3-95.3 h; median, 75.3 h) per focal subject using a 20-min standard protocol (focal animal sampling) (Altmann 1974) . For each focal subject, only one protocol per day was recorded at maximum (189.62 AE 92.0, mean AE SD protocols per focal subject; range, 19-287). Focal observations were evenly distributed over the day, and observation time was weekly balanced among focal subjects. During each protocol, we continuously recorded affiliative and aggressive interactions between the focal subjects and all group members. Affiliative interactions included socio-positive approach, that is, no immediate agonistic interaction followed the approach, while the dyad would stay in close proximity of 2.0 m for at least ! 5 s (compare Cooper et al. 2005) , social grooming or friendly behaviour such as touch, hug, carry, hold, play and lip smacking. Aggression included either physical (contact) or nonphysical (noncontact) aggression. All interactions were noted within the 2.0 m range of a focal subject. For each interaction of the focal subject, we recorded whether the mother of the focal subject was within or outside of the 2.0 m range (hereafter mothers' condition). We assumed that a mother outside of 2.0 m range increases her permissiveness, which potentially promotes the infant's independence.
We further collected data on displacement, aggression or submission between adult males ad libitum (Altmann 1974) to construct a male dominance hierarchy.
Data were collected by AW, DL and two field assistants. Subsequent assistants were trained for a total of 2 months including interobserver reliability tests (Kaufman & Rosenthal 2009 ) during the last 2 weeks. When conducting simultaneous focal sampling, new assistants reached a reliability ranging between 90% and 97% with the trainer. Data were collected using Psion Workabout TM handhelds and processed with Observer software (version 5.0). All observers were blind to paternity across the entire study period.
Determination of paternity
Genotypic data were available for most of the adult group members, from previous studies (see, e.g. Widdig et al. 2001 Widdig et al. , 2006a Kulik et al. 2012) as part of the genetic database of the Cayo Santiago population started in 1992. Nearly the entire population was systematically sampled for animals a) born between 1992 and 2000 or b) born before 1992 if they survived until systematic sampling began in 1992. Furthermore, we were able to sample all, but two newborns born during the 2005 birth cohort. In addition, we sampled remaining group members (e.g. mothers of focal subjects) and potential sires for which we lacked a DNA sample. Samples taken were hair, blood, tissue or faecal samples. We extracted DNA from samples partly via a GenoM48-Automat (Nagy et al. 2005) .
The genetic data analysed in this study were taken from a database currently consisting of 2302 genotyped animals at 14.62 AE 2.44 loci on average (mean AE SD) out of a panel of 23 STR markers . The mean number of alleles per locus was 7.38 AE 2.87 (mean AE SD), the mean observed heterozygosity across loci was 0.75 AE 0.08 (mean AE SD), the mean expected heterozygosity was 0.74 AE 0.07 (mean AE SD), and the mean polymorphic information content was 0.69 AE 0.8 (mean AE SD) (all calculations performed with CERVUS 3.0; Kalinowski et al. 2007 ). There was no evidence of a null allele occurring at these loci and all, but one locus, were in Hardy-Weinberg equilibrium (HWE). Locus D20S206 deviation from HWE could be due to chance, mutation or typing errors. The overall typing error rate derived from mother-offspring mismatches was 11% for the entire data base; however, this value decreased to 3% when considering only individuals from group R included in the analysis because of the increased effort in completing their genotypes.
Maternity derived from long-term field observations was genetically tested and confirmed for all motherinfant pairs (N = 55) in the study. This information was subsequently used in the paternity analyses. All sampled males older than 1250 days (based on earliest age at reproduction; Bercovitch et al. 2003 ) present on the island at least 200 days prior to the infant's birth (mean days AE SD of gestation length of 166.5 AE 7.4; Silk et al. 1993) were considered as potential sires for a given infant. We made effort to sample 164 of a total of 175 (93.71%) different potential sires from the entire island who fulfilled these criteria with respect to our focal cohort to account for extra-group paternity reported for the study population (Widdig et al. 2004) . Given that conception period was different across focal subjects, for each focal infant, 156.76 AE 2.06 (mean AE SD) potential sires were typed (93.44%).
A given mother-father-offspring trio was genotyped on 16.35 AE 3.07 (mean AE SD) common loci but at least at 12 common loci. Paternity was determined for all 55 sampled focal subjects using a combination of exclusion and likelihood analyses as follows. In 53 cases, all males were excluded on at least two loci, with the exception of the assigned sire, who matched the offspring-mother pair at all loci. In the remaining two cases, the assigned sire had no mismatch with the respective motheroffspring pair, but one other candidate sire could only be excluded on one locus. To confirm assigned paternities derived via exclusion, all paternities were additionally supported at the 95% confidence level in favour of the male with the highest LOD score calculated by CERVUS 3.0 (all calculations performed with CERVUS 3.0; Kalinowski et al. 2007) . Among all focal subjects typed, only one was sired by an extra-group male, and the sires of two other focal subjects had died shortly before the infants were born. For these three cases, only behavioural interactions between nonsires and infants could be included.
Establishing dominance hierarchies
Male dominance hierarchy was calculated using the ELO method (Elo 1978; Albers 2001; Neumann et al. 2011) and an R function written by LK. It estimates the competitive abilities of individuals by looking at interactions sequentially over time while the outcome of these interactions will continuously update the scores used to estimate competitive abilities (Neumann et al. 2011 ). Additionally, we tested whether ELO revealed similar results than ranking methods commonly used such as I&SI (de Vries 1998) and confirmed that they were highly correlated (Spearman's rank correlation (q), N = 65 individuals, q = 0.64, P < 0.001) (see Neumann et al. 2011) . Ranks of adult females were determined based on the outcome of dyadic agonistic interactions in 1997 (Widdig et al. 2001) and observed to be highly stable over time. As shown in many Cercopithecines, offspring of the same female rank directly below their mother inverse to their birth order (Cheney 1977; Datta 1988) ; therefore, infants were assigned to an individual rank according to the rank of their mother as no deviation from the predicted birth rank was observed. All ranks were calculated on a daily basis to control for rank changes due to births and deaths. We standardized the ranks of males and females (including focal subjects) separately per day to a range from 0 to 1 (lowest to highest ranking). As ELO ranks have a varying minimum and maximum, the standardization is performed using: Standardized rank = (rank -min (ranks))/(max(ranks) -min(ranks)), with rank being the individual rank at a given day and min(ranks) and max(ranks) being the minimum and maximum of all the ranks of that day.
Statistical analysis
To test what influenced the affiliation between focal subjects and sexually mature males, we applied a generalized linear mixed model (GLMM) (Baayen 2008) . The data set used in our analysis was derived through several steps. First, we determined the number of maleinfant affiliations, our response variable, by summing up the frequencies of affiliative behaviours for each male-infant dyad per day (i.e. per protocol) considering only males present in our study group based on the demographic records while distinguishing interactions with (i) mothers being within or outside of the 2.0 m range of the focal and (ii) focal subjects initiating or receiving a given interaction. We then transformed these counts into a binary variable by setting all values greater than zero to one. Subsequently, we summed up all results per day in frequencies (i.e. number of days with interactions) per 3-month period (determined based on the focal age) leading to a total of 91.538 data points. The response finally used was the number of days with and without affiliations (679 vs. 31 days, respectively), kept as two separate variables (which allows to model the probability of affiliative interactions; see below), separately for each combination of focal-male dyad, mother's condition (within or outside of 2.0 m of focal) and initiation (by focal or by male). In the model, we included mother's condition and initiation of interaction by immature individuals or males as fixed effects as well as for each focal the sex, its age (average age in the 3-month period) and squared age (as the relation between focal age and male affiliation was expected to be nonlinear), rank and number of close maternal kin (10.70 AE 6.53, mean AE SD). We controlled for focal age from birth to maturation to investigate whether male-infant relations were varying over an immature individuals' life. For adult males, the model contained rank and age. We indicated in an additional variable whether the male was the sire of a given focal (hereafter paternity). Finally, we included the identity of both focal subject and male and 3-month period (nested within focal) as random effects into the model. We expected several interactions between these main effects because the study expended on the entire ontogeny from birth to maturation. Specifically, we included the four-way interaction between initiation of affiliation, focal age, paternity and mother's condition, because we expected male initiation to be pronounced at early infancy, but male and focal initiation probabilities to obtain more similar as focal subjects get older. However, we expected paternity to potentially mediate this pattern in the sense that if immature individuals are able to recognize their fathers, the increase in focalinitiated affiliation should be steeper for sires than nonsires. This three-way interaction was finally combined with mother's condition, as it seemed plausible that mothers either restrict male-infant affiliations during early infancy (blurring the expected patterns) or promote sire-offspring affiliations. To account for the possibility that male-infant affiliations would peak at an intermediate age, we included the same interaction with focal age squared rather than age. Patterns of affiliation with males might differ along ontogeny between the sexes, because females stay in their natal group, whereas males disperse. Hence, we included also the three-way interaction between initiation of affiliation, sex of the focal animal and focal age (linear and squared). To achieve a reliable model, we also included all interactions encompassed by these interactions. As it could be taken for granted that the development of affiliation is not linear along focal age, we used both terms focal age and focal age squared, when testing focal age with any other predictor variable in an interaction.
The data analysed were likely to show temporal autocorrelation, that is, residuals of data points recorded closer to one another in time could be more similar to one another than data points recorded further apart, which could lead to the violation of the assumption of independent residuals devaluing the reliability of the model. Thus, we aimed to include two autocorrelation terms, one for the focal subject and one for the male, to explicitly account for temporal autocorrelation in the data. To calculate them, we first ran the model as described above to derive the residuals. Then, we averaged the residuals of all other data points, separately for each data point and also separately for each focal and male, with the contribution of the residuals being weighted by their time lag to the particular data point. For these averages, the weight followed a normal distribution with a mean of zero (i.e. maximum weight at a time lag of zero). Their standard deviations were simultaneously determined by maximizing the likelihood of the model including the two autocorrelation terms. However, in the final model, we included only the autocorrelation term for the male as an additional fixed effect (we excluded the focals' autocorrelation term, because it revealed a negative estimate, presumably an artefact of the rarity of interactions).
The model was run in R (version 2.15.0, R Development Core Team 2012) using the function 'lmer' from the R package 'lme4' (Bates et al. 2011) with the number of days with and without affiliations handed over as the response (binomial response in two vectors). Hence, we modelled the proportions of days with affiliations from the total of all possible affiliative events and the model reveals probabilities of affiliations to happen. The GLMM was fitted with binomial error structure and logit link function. Using a likelihood ratio test (Dobson 2002 ) (R function 'anova', package 'stats'), we determined the statistical significance of the full model by comparing its fit with that of the null model (comprising only the random effects and the autocorrelation term). Also all terms in the model were tested for their statistical significance by running additional likelihood ratio tests (LRT) comparing the fit of the full model with that of a reduced model lacking the particular term of interest but comprising all other terms. In case an interaction did not reveal significance, we removed it from the model in order to be able to reliably infer about the respective lower terms it included. Such removal was only done conditional on the full-null model comparison revealing significance. The autocorrelation term was calculated using an R function written by RM. The minimization of the AIC to find the best-fitting standard deviations of the weighted function for the autocorrelation terms was done using the R function 'optim' from the package 'stats'. Prior to running the model, we z-transformed all covariates (including the autocorrelation term) to a mean of zero and a standard deviation of one. To check for the assumptions of the model, we calculated variance inflation factors (VIF) (Quinn & Keough 2002) for a model lacking the random effects indicating that collinearity was not an issue (largest VIF = 1.54). VIF were determined using the function 'vif' of the R package 'car' (Fox & Weisberg 2011) . We regarded P-values 0.05 significant and 0.05 < P 0.1 as a trend. Trends should be considered, because dichotomizing results based on P-values being significant or not can result in misleading conclusions (Stoehr 1999) .
To analyse the influence of the same predictors upon aggressive interactions between males and focal subjects, we intended to use the statistical methods as applied for affiliation. However, the rarity of aggressive events rendered a corresponding model impossible.
Results
Based on 3987 available male-infant dyads, we observed 14.360 male-infant interactions representing 9.6% of all interactions focal subjects were involved in. A total of 94.0% of all observed male-infant interactions were affiliative, indicating the rareness of male-infant aggressive interactions. Similarly, interactions between focal subjects and all group members were mainly affiliative (97%).
Affiliation
Overall, the results revealed that the set of predictor variables used had a clear influence on the probability of male-infant affiliation (LRT comparing the fit of the full with the fit of the null model containing only the random effects and the autocorrelation term: v 2 = 2926.6, d.f. = 33, P < 0.001, see Table S1 in supplemental material). To achieve the final model, all included interactions were tested for significance using LRT. This resulted in the removal of the following interactions: (i) the four-way interaction between initiation of affiliation, paternity, focal age (linear and nonlinear) and mother's condition ( Male and focal attributes. Males were more likely to affiliate when they were lower-ranking and older (Table 1 , Fig. 1a,b) , whereas male-infant affiliation was more likely when the focal subject was a male (Table 1 , Fig. 1c ), around 2 years of age (Table 1 , Fig. 1c ) and lower-ranking (trend only) ( Table 1 ). The number of close maternal kin of focal subjects did not affect the probability of male-infant affiliation (Table 1) . Paternity, mother's condition and initiation of affiliation. Our results also revealed the interaction between paternity and mother's condition to be significant (Table 1) . As shown in Fig. 2(a) , the difference between the probabilities of male-infant affiliation resulting from mothers being within or outside of the 2.0 m range of the focal was higher for nonsires than for sires. Furthermore, sires had a higher probability to affiliate in both mother's conditions than nonsires. Two further interactions comprising paternity as a predictor yielded significance (Table 1) . The result of the interaction between paternity and nonlinear focal age showed that in the first ca. 2 years of infancy, sireoffspring affiliation had a relatively higher probability, whereas later, the probability of nonsire-infant affiliation was higher (Fig. 2b) . Immature individuals and nonsires were similarly likely to initiate interactions with each other, whereas in focal-sire dyads, males were more often the initiators (Fig. 2c) . Furthermore, affiliations between immature individuals and their sires were generally more likely than affiliations between focals and other males (regardless of who was initiating the affiliation). The significant interaction between initiation and focal sex (Table 1) showed that the effect of focal sex was more pronounced, when initiation was considered. As seen in Fig. 2d , the probability for affiliation between male focal subjects and adult males was higher than for female focal subjects. This sex bias was even more pronounced, when adult males initiated the interaction with immature individuals. Finally, the three-way interaction including mother's condition, nonlinear focal age and initiation of affiliation revealed significance (Table 1) . Specifically, when mothers were outside of the 2.0 m range of the focal (Fig. 3a) , the probability to affiliate rose with focal age and was higher when initiated by focals (up to 2 years of age) than by males, whereby when mothers were within the 2.0 m range of the focal (Fig. 3b) , it decreased and was lower for focal than male initiated interactions.
Aggression
We observed only 12 incidents of sire-offspring aggression (performed by only six sires towards eight offspring) over the entire study period. This extremely low amount of aggression indicated that agonistic behaviour did not seem to be of large importance in sire-offspring relations and thus made it unreasonable to perform any analysis.
Discussion
The results of our study support previous findings that male-infant interactions are present in rhesus macaques (c) Fig. 1 Impact of male and focal attributes on the probability of male-infant affiliation: (a) males of higher rank were less likely to affiliate with immature individuals, (b) affiliation probability was higher for older males, (c) for male immatures, the probability to affiliate rose with focal age and was higher than for female focals. The lines represent the fitted model(s). (Berenstain et al. 1981; Hill 1986 ), but revealed that the nature of these interactions is predominantly affiliative rather than aggressive. In addition, we showed that rank and age of both males and focal subjects as well as mother's condition, paternity and initiation influenced the probability of male-infant affiliation. Most interestingly, paternity in interdependence with three other factors was a significant predictor of maleinfant affiliation in rhesus macaques. This was less likely given that promiscuous mating and insufficient mate-guarding (Dubuc et al. 2012) should increase paternity confusion and thus paternity certainty should be low. Indeed, several lines of evidence support that sires have a higher probability to interact with their offspring in comparison with nonsires. First, sire-offspring affiliation occurred independent of mother's proximity. Second, in contrast to nonsires, sires had a higher affiliation probability with their offspring at a particular period reflecting the highest infant mortality in the study population (0-2 years) (Blomquist 2013) . Finally, sires also initiated affiliation towards their offspring at a higher probability than vice versa, suggesting that father-offspring association during infancy might function to ensure the immatures' survival, which in turn might affect male fitness. What remains open is why male rhesus macaques do not provide agonistic support towards their offspring involved in conflicts with group members of any age (Kulik et al. 2012) . One explanation would be that aggression towards immature individuals is generally rare in this species. To date, we only have evidence that male baboons support their offspring in conflicts with other juveniles (Buchan et al. 2003) , which is unlikely to be very costly, unless males protect them against adult aggressors, too. The lack of such high-cost paternal care (e.g. offspring support against adult aggressors) might be due to selection as a principle of evolution favouring this behaviour only when fitness benefits of offspring are higher than costs of paternal care (Geary 2000) . Otherwise, less costly paternal care (e.g. affiliation) might evolve or highly costly care is selected against, so that males may even abandon offspring and direct their effort predominately to compete for mates to ensure high reproductive output (Geary 2000; Boyd & Silk 2012) . We propose our results to indicate low cost paternal care, although the fitness benefit for offspring and males remains to be investigated. Two-way interactions between paternity and mother's condition, focal age, focal sex and initiation: (a) the difference in the probability of male-infant affiliation was higher for nonsires than sires when considering mother's condition, (b) the probability to affiliate was initially higher for sires and peaking at 2 years of focal age, whereas affiliation probability for nonsires exceeded sireoffspring affiliation probability after 2 years of focal age. The interaction between paternity and initiation of affiliation (c) indicated that the difference between the probabilities to affiliate was larger for sires considering initiation, with an affiliation probability for sires and offspring being thrice as high as that of among nonsires and immature individuals. The interaction between initiation of affiliation and focal sex (d) revealed that males were more likely to initiate interactions than focals, especially with male focal subjects. For Fig. 2(a-c) , the boxes represent the first to third quartile of observed values, solid vertical lines in the boxes show the median, and dashed vertical lines in the boxes show the values fitted by the model.
Although we did not aim to test the mating effort hypothesis, our result that affiliation between nonsires and focals was not more pronounced when mothers were in close proximity is not in line with the hypothesis. Under the mating effort hypothesis, male care for unrelated immatures should be more pronounced when mothers are present to enhance the care takers mating opportunity with the mother (M enard et al. 2001) as shown in vervet monkeys, Cercopithecus aethipos (Keddy Hector et al. 1989) . It remains to be investigated whether males in the study species potentially increase their mating access as a result of care taking.
Although we found evidence for male-infant associations being impacted by paternity in rhesus macaques, we cannot draw conclusions about the underlying mechanism. On the one hand, males could assess paternity certainty by estimating their mating success with a given female. Even though recent evidence has shown that male rhesus macaques seem to time their mate-guarding effort insufficiently, males may use other reliable cues of female fertility more precisely, like female sexual behaviour (Engelhardt et al. 2005 ) not yet detected in rhesus macaques. Father-offspring affiliation might therefore be the result of precise timing of mating, while males interacting with unrelated immature individuals might be due to imprecise timing or assessment of mating access in relation to paternity, potentially influenced by females rejecting sperm from or providing less reliable information to less preferred males. Bonding between males and immature individuals might also reflect the close relationship between mothers and males who previously mated with the mother (Berenstain et al. 1981; Moscovice et al. 2009 ). This is supported by the similar probability of affiliation between sires and offspring, independent from the mother's proximity to the focal, as well as the fact that male sociality predicts paternity (Kulik et al. 2012) .
On the other hand, an alternative mechanism underlying father-offspring association (potentially available for both males and immature individuals) might be postbirth kin recognition if certain phenotypic cues are linked to paternal relatedness and used to discriminate paternal kin from nonkin. Indeed, a recent experimental study showed that humans are able to detect paternity as well as maternity in rhesus macaque faces, indicating that paternal kinship is present in visual appearance (Kazem & Widdig 2013) . Furthermore, Swiss mice (Mus musculus) were found to be able to detect age and sex differences in baboon body odour as they perceive odour similarities among related compared with unrelated baboons (C el erier et al. 2010) . Although both studies do not test kin recognition in conspecifics, their results support the existence of phenotypic cues being available in primates to assess relatedness necessary for kin discrimination at the behavioural level.
Male-infant affiliation was also affected by the sex of focal subjects as adult males affiliated with male rather than female focal subjects. This bias might be caused by the dispersing sex showing less affiliation to close maternal kin prior to dispersal (Lehmann & Boesch 2008) in comparison with the philopatric sex. This may open the opportunity or reflect the need for our male focal subjects to associate with individuals outside of their maternal family. Overall, male focal subjects were found to affiliate less with maternal group members throughout the first 4 years of life than female focal subjects (L. Kulik, unpublished data) .
Our data also suggest that some male attributes were predictors of the probability of male-infant affiliation. Older males were more likely to affiliate with focals than younger males, possibly because older males might invest in offspring as well as unrelated immatures because future reproduction is less likely for them; hence, older males are predisposed to use the mate-then-care strategy. Alternatively, older males may be in need of any social contact leading them to affiliate with unrelated immatures, a hypothesis we were unable to test here.
In summary, our data support previous studies that male-infant associations are also an important component in structuring primate societies. In addition, this is the first study to show that paternity in relation to other (a) (b) Fig. 3 Three-way interaction between mother's condition, focal age and initiation of affiliation. When mothers were outside of 2.0 m range of the focal (a), probability to affiliate rose with focal age and was higher when initiated by focals (up to 2 years of age) then by males. In contrast, it steadily decreased and was lower for focal than male initiated interactions, when mothers were within 2.0 m range of the focal (b).
predictors impacts male-infant affiliation even in a species with low paternity confidence where paternal care was unexpected to have evolved. However, the evidence of paternal care to date represents low-cost investment. Although there is no doubt about the influence of maternal care on infant development, our results strengthen the need to look at the male contribution to infant care, too, which might be more important than previously thought. Moreover, the results of this study strengthen the need for long-term behavioural data collection in order to be able to analyse complex contexts and interdependencies of several factors potentially influencing animal behaviour.
Future studies should focus on the underlying mechanisms of male-infant affiliation to improve our understanding about the evolution of father-offspring relations. It should also be investigated whether sires and offspring can truly discriminate among kin and nonkin (kin recognition via phenotype matching) or whether bonding between males and immature individuals mirrors a relationship between the immature's mother and the adult male. Furthermore, the impact of male-infant association, and specifically father-offspring association, on the immature individuals fitness should be examined, as potential benefit to either or both of them may present additional reasons for such relations to have evolved.
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